In this report we demonstrate that proteolytic cleavage of the constituent subunit is one of the causes determining the heterogeneous size distribution of plasma von Willebrand factor (vWf) multimers. As shown by two-dimensional nonreduced/ reduced agarose/polyacrylamide gel electrophoresis, the structure of circulating vWf molecules may deviate from that represented by assemblage of a variable number of identical subunits. Indeed, even though the largest multimers in normal plasma appear to be composed predominantly of intact 225-kD subunits, those of intermediate and smaller size contain also 189-, 176-, and 140-kD proteolytic fragments. Different subunit composition patterns are repeated regularly in multimers ofincreasing molecular mass, yielding series of bands with similar structure. One of these series consists of molecules without evidence of proteolytic fragmentation, and its smallest member appears to be a dimer of 225-kD subunits. Type IIA von Willebrand disease, characterized by absence of the largest multimers, displays a pattern wherein the fragments of 176 and 140 kD are relatively increased, that of 189 kD is markedly decreased or absent, but the composition of individual multimers is otherwise similar to that of species seen also in normal plasma. In contrast to those in the circulation, all normal platelet vWf multimers contain only intact subunit. These results suggest that proteolytic cleavage of plasma vWf subunits occurs after release from cellular sites, whereas platelet vWf stored in a-granules is protected from proteolysis. These findings provide information that may be relevant for understanding the normal processing of vWf multimers and for elucidating the pathogenesis of some of the congenital and acquired structural abnormalities of this molecule. (J. Clin. Invest. 1991.
Introduction
The adhesive protein von Willebrand factor (vWf)' exists in plasma as a series of heterogeneous multimers ranging in size 1. Abbreviations used in this paper: HGT, LGT, high, low gelling temperature; KIU, kallikrein inhibitory units; NEM, N-ethylmaleimide; vWf, von Willebrand factor. from -450 kD to in excess of 10,000 kD (1) . The primary translation product (pre-pro-vWf) is a polypeptide of 2813 amino acids with a calculated molecular mass of 307 kD (2) , not including the -15-19% carbohydrate. After removal of the signal peptide, the resulting pro-vWf subunits (3, 4) are engaged in a complex biosynthetic process thought to begin with the formation ofdimers through disulfide bond linkage at the carboxyl terminal ends; then, these protomeric units ofthe multimeric series are assembled into higher order multimers by disulfide bonding at amino terminal ends (5, 6) . A propeptide of 741 amino acids is cleaved from the amino terminus ofeach prosubunit at the time of multimerization (3, 4) , resulting in formation of the mature vWf subunit. This has a calculated polypeptide molecular mass of 226 kD (7); including the 22 oligosaccharide chains, the subunit molecular mass is -270 kD, whereas it is estimated at 225 kD from relative electrophoretic mobility in polyacrylamide gels containing SDS. The released propeptide, with an estimated molecular mass of 100 kD, circulates as a plasma protein of still undetermined function known as von Willebrand antigen II (8, 9) .
Analysis of nonreduced plasma vWf by means of SDS-agarose gel electrophoresis in a discontinuous buffer system demonstrates a complex pattern of repeating multimers, characterized by the presence of a more prominent band surrounded by three (10) or more ( 11) satellite bands, depending on the resolving power of the gel system used. Because these bands are unevenly spaced and differ considerably in relative intensity, they do not fit the expected pattern of a series of multimers constituted by a regularly increasing number of identical subunits. Certain of these bands may be missing or migrate with an aberrant mobility in von Willebrand disease variants (10) (11) (12) (13) (14) (15) (16) (17) , suggesting that the complex multimeric structure of plasma vWf may have pathophysiological significance. Indeed, proteolytic fragments of the vWf subunit are present in normal individuals, increased in type IIA and IIB von Willebrand disease, and decreased or absent in variants with an aberrant multimeric structure (Types GIC, IID, and IIE) (14). Mapping with anti-vWf monoclonal antibodies has localized the origin ofthe 176-and 140-kD fragments at the carboxyl and amino terminal ends of the subunit, respectively, with the minor 189-kD fragment apparently overlapping both of them (18) . More recently, work from our laboratory has led to the identification of the peptide bond, Tyr"2-Met843 in the mature subunit, that is cleaved to generate the 140-and 176-kD subunit species (19) . Whether and how these fragments are represented in vWfmultimers has not been clarified to date.
In this study, we have used a two-dimensional nonreduced/ reduced agarose/polyacrylamide gel system to demonstrate that the multiplicity ofbands resolved from plasma vWfis due, in part, to variable content ofdifferent proteolytic fragments of the 225-kD subunit. In contrast, vWf stored within platelets is composed exclusively of unproteolyzed mature subunit. Thus, cleavage of the constituent subunit may be one of the mecha-nisms by which vWf is processed physiologically at the time of, or after secretion into the circulation. This may have consequences for the function of the molecule and may help define structural abnormalities in congenital and acquired alterations of vWf.
Methods
All human subjects described in this report gave their informed consent for participation in the study, according to the declaration of Helsinki. The patients with Type IIA von Willebrand disease fulfilled all the criteria for this diagnosis, including prolonged bleeding time, markedly decreased ristocetin cofactor activity, and lack of large and intermediate vWf multimers in plasma. Normal individuals and patients denied consuming any drugs in the week preceding the study.
Reagents. Low gelling temperature (LGT) agarose (Type VII), aprotinin and N-ethylmaleimide (NEM) were from Sigma Chemical Co., St. Louis, MO. Leupeptin was from Chemicon, Los Angeles, CA. High gelling temperature agarose (HGT[P]) and Gel bond were from FMC Corp., Rockland, ME. Cyanogen bromide-activated Sepharose was from Pharmacia Fine Chemicals, Piscataway, NJ. Electrophoresispure reagents were obtained from Bio-Rad, Richmond, CA. Rabbit anti-mouse IgG was from Zymed, South San Francisco, CA. All other reagents were of the highest grade available.
Preparation ofplasma andplatelet samples. Blood was drawn from an antecubital vein through a 19-gauge needle into a polypropylene syringe, and immediately transferred into polypropylene tubes containing either 1/6 vol ofacid-citrate-dextrose anticoagulant, pH 4.5 (for platelet preparation), or 1/10 vol of 0.11 M trisodium citrate (for plasma preparation) with 200 kallikrein inhibitory units (KIU) aprotinin per ml, 1 mM leupeptin, 5 mM EDTA, and 6 mM NEM (final concentrations in plasma, calculated assuming an average plasma volume of 0.6 ml per 1 ml of blood). Platelet-poor plasma was prepared from citrated blood by centrifugation at 3,000 g for 20 min at room temperature (22-250C) . Plasma was rapidly separated from sedimented cells and stored at -70'C until tested. Platelet-rich plasma was pooled from three consecutive centrifugations performed at room temperature at 1,100 g for 75 s each. Platelets were washed by pelleting them twice at 1,100 g for 20 min at room temperature and resuspending each time in a solution containing 0.0 15 M sodium citrate, 0.028 M dextrose, 0.125 M sodium chloride, and 0.005 M EDTA, brought to pH 6.5 with 1 M citric acid (buffer A). After a third centrifugation, the pellet was resuspended in a pH 7.4 solution, containing 0.14 M NaCl, 0.01 M Tris-HCl, and 0.005 M EDTA (buffer B), in a volume corresponding to one-tenth of the initial blood volume.
Immunoisolation ofplasma vWf Citrated plasma (5-10 ml) was used for immunoisolation of vWf, performed as described previously (14), in the presence of 1 mM leupeptin, 5 mM EDTA, 6 mM NEM, and 200 KIU aprotinin per ml. In brief, a monoclonal anti-vWf antibody (2.2.9), prepared and characterized as described previously (20, 21) , was coupled to cyanogen bromide-activated Sepharose CL-4B at a ratio of 2.5 mg ofantibody per milliliter ofbeads. IgG for the coupling procedure was purified from ascitic fluid by affinity chromatography on a Protein A column (Sigma Chemical Co.), as previously described (22) . 1 moved by centrifugation at 20,000 g for 30 min at 50C, and platelet vWf was immunopurified using the same procedure described above for plasma vWf.
Two-dimensional SDSgel electrophoresis. Discontinuous SDS agarose gel electrophoresis has been described in detail previously (10, 1 1) . Briefly, two types ofgels were cast for resolution in the first dimension: "short", intermediate resolution gels; and "long", high resolution gels.
For the first type, resolving gels (22 cm wide X 9 cm long X 1.0 mm thick) of 1.4% LGT agarose were cast on Gel-bond film between glass plates and then allowed to polymerize at 4VC for 3 h before pouring the 0.8% HGT(P) agarose stacking gel (2.5 cm long). 10 wells, 10 mm X 2 mm, were cut 1 cm from the stacking gel/resolving gel interface, and 20 (24) , and fibronectin (25) .
For resolution in the second dimension, 5% SDS-polyacrylamide gels were prepared as described by Laemmli (26), with stacking and running gel. First dimension agarose gels were washed in deionized water for 60 min after electrophoresis. Individual lanes were excised and soaked for 30 min in stacking gel buffer, pH 6.8, containing 1% SDS and 65 mM DTT. For comparison, adjacent lanes from the agarose gels were fixed and processed as previously detailed for visualization with '231-labeled rabbit anti-human vWfand subsequent autoradiography (10). Lanes from short gels were applied as single strips and sealed to the top of the polyacrylamide stacking gel. Long gels were bisected and applied to two separate second dimension gels. The lanes were cemented in place with 0.8% HGT (P) agarose, 1% SDS, pH 6.8. A 2-mm layer of agarose was poured above the strip to provide a level, horizontal surface, and 750 Al of65 mM DTT, 2% SDS, 10% glycerol in sample buffer, pH 7.0, applied on top of this. Electrophoresis was performed vertically at 22-25°C, with 25 mA applied during the run in the stacking gel and 35 mA in the running gel.
Immunoblotting. Polypeptides resolved by SDS-PAGE were transferred onto nitrocellulose membranes in 25 mM Tris, 192 mM glycine, 20% (vol/vol) methanol buffer at 0.25 A for 18 h at 3°C, and reacted with a pool of 80 anti-vWf monoclonal antibodies, followed by 125I-labeled rabbit anti-mouse IgG as described previously (14). These monoclonal antibodies were prepared and characterized as reported previously (18, 20, 21) . For each sample processed for two-dimensional analysis, an aliquot of starting material was reduced in 65 mM DTT and applied directly to the SDS-polyacrylamide gel in a lane at the far left to serve as a standard (one-dimensional analysis).
Results
Electrophoresis of nonreduced normal plasma vWfin intermediate resolution SDS-agarose gels resulted in the separation ofa number of apparent "triplets" each characterized by a central band, predominant in intensity, and two fainter satellite bands, one above and the other below it (Fig. 1 A) . This previously described pattern (10) ing in molecular mass from 160 (IgG) to 900 kD (IgM) were minimally separated in this type of gels, suggesting that the intense band at the dye front could represent several vWf multimers ofsmaller size not separated from one another (Fig. 1 A) . Second-dimension SDS-PAGE analysis after reduction of disulfide bonds demonstrated that the largest vWfspecies at the top ofthe first-dimension gel contain only intact subunit, while multimers of intermediate and smaller size contain also 189-, 176-, and 140-kD subunit fragments (Fig. 1 B) . The 140-kD species was particularly evident in multimers of intermediate size; it could not be detected in some of the larger species in which 176-kD fragment was present, and its intensity decreased in smaller multimers (Fig. 1 B) . In order to visualize the minor 140-kD species it was necessary to analyze autoradiographs exposed for a prolonged period of time. This caused saturation of the film emulsion laying over the bands containing greater radioactivity, thus explaining the different intensity of corresponding bands in the one-and two-dimension gels shown in Fig. 1 . An apparent fragment with mobility intermediate between the 176-and 140-kD species, as well as a fainter one below the 140-kD fragment, could be seen in the second dimension gel in correspondence with multimers of intermediate size. These minor species, not seen in reduced one-dimensional gels (see the left lane in Fig. 1 B) , may result from proteolytic cleavage of one or more peptide bonds different from the one identified previously (19) ; or they may be artifacts due to abnormal disulfide reduction and/or migration during the second-dimension electrophoresis.
High resolution SDS-agarose electrophoresis of normal plasma vWf (Fig. 2 A) confirmed a previously ( 11) described pattern of repeating "pentuplets", rather than the "triplets" seen in intermediate resolution gels, consisting of a more intense central band (band 1) flanked by four less intense satellite bands, two above it (bands 1A and 2A) and two below it (bands l B and 2B). This terminology, proposed in a previous publication (1 1) , appears to be supported by the symmetry of bands around the central one. The same pattern was clearly visible in at least three sets offive bands ofprogressively slower mobility, but resolution of individual species became gradually less distinct for the largest multimers towards the top of the first-dimension gel (Fig. 2) . The relative mobility of marker proteins demonstrated that high resolution gels allow separation of smaller vWf oligomers with no stacking at the dye front (Fig. 2  A) . Based on the relative position ofthe IgM marker, it is apparent that the main band in the first distinct "triplet", seen in intermediate resolution gels (identified as band 2 in Fig. 1 A) , corresponds to main band 2 in the series ofvWfoligomers ( Fig.  2 A) ; and that at least five vWfoligomers migrate at the front of intermediate resolution gels without being separated (the five bands included in the bracket in Fig. 2 A, corresponding to the unresolved band 1 in Fig. 1 A) .
Reduction and second dimension electrophoresis demonstrated the heterogeneous subunit composition of normal plasma vWf multimers (Fig. 2 B) . This evaluation was facilitated by the concurrent analysis of plasma vWf isolated from patients with Type IIA von Willebrand disease with increased concentration of the two major proteolytic fragments (Fig. 2  C) . The distribution of bands in the nonreduced first dimension gels was similar in normal and IIA vWf, but the largest multimers were decreased and satellite bands showed relatively increased intensity in the latter. In accordance with previously reported observations (14), the 1 89-kD fragment was markedly decreased or not detectable in IIA vWf. A new terminology for the identification ofindividual oligomers is illustrated schematically in Fig. 3 , and is representative ofthe subunit composition of plasma vWf from 23 normal individuals, five IIA, and four IIB von Willebrand disease patients examined over the course of this study. No differences were noted between normal individuals And patients, except for those specifically described below. In spite of the significant degree of heterogeneity, repeating patterns of subunit composition could be clearly identified in multimers of increasing molecular mass; thus, the structure Fig. 2A ). These species are identified with the letter U, for unproteolyzed, and numbered from the smallest one (IU) in ascending order (Fig. 3) . All the bands containing cleaved subunit fragments and migrating faster than lU are identified with the letter P. for proteolyzed, preceded by the number 1 to indicate that they belong to the first set of oligomers ofrepeating subunit structure. This notation is completed by a suffix number defining the position in the gel relative to the corresponding unproteolyzed band; accordingly, 1P1 indicates the first proteolyzed band below IU. The smallest species of this group, 1 P3 according to the new terminology (corresponding to a band 2B ofthe previous terminology), appears to be composed exclusively of 176-kD fragment and exhibits a mobility (just slower than that of fibrinogen, molecular mass 340 kD; Fig. 2 A) compatible to its being a dimer of this fragment. The subunit composition of this band can be easily appreciated in Fig. 2 B and Fig. 3 ; its absence in Fig. 2 Cis caused by excessively long migration of the first dimension gel. Both Fig. 2 B and Fig. 3 show a minor species composed only of 189-kD fragment, most likely a homodimer, that is not clearly distinct from bands 1 P3 and 1 P2 in the first dimension gel. Fig.  2 running in close proximity during SDS-PAGE. The heterogeneity of the main band can be appreciated by a comparison of normal and IIA von Willebrand disease plasma in high resolution agarose gels; this demonstrates a doublet in normal vWf and a predominant band in IIA vWf that corresponds more closely to the lower member of the normal doublet (Fig. 4) . With regard to subunit composition, the upper member of the doublet may contain dimers composed only of 225-kD intact subunit, whereas the lower member may contain, in addition, 189-kD fragment, sometimes not seen in IIA vWf, 176-kD fragment, visible in all samples, and 140-kD fragment, particularly evident in some IIA vWf samples (Figs. 2 B, 2 C, and 3) .
Thus, the diffuse band 1P, appears to contain some species that, in spite of having identical composition to band IU (intact subunit) or band 1P2 (intact subunit and 176-kD fragment), display different electrophoretic mobility in nonreduced agarose gels. Because all these bands are likely to be dimers, with apparent molecular mass between -380 and 480 kD (see mobility relative to fibronectin and fibrinogen, Fig. 2  A) , it is apparent that factors other than variations in subunit composition must contribute to their different migration (see Discussion).
Multimers of increasing size repeat essentially the subunit composition patterns described so far, with some notable exceptions. Four bands appear between band 2U, the second in the series of unproteolyzed oligomers with increasing molecular mass, and band IU (Figs. 2 B, 2 C, and 3 ). Of these, bands 2P, and 2P2 exhibit the same subunit composition as the corresponding bands IP, and 1P2, while band 2P3 contains intact subunit and 1 76-kD fragment, a composition similar to that of bands designated as P2; the corresponding band 1P3, as dis- Note that the main (most intense) band in the first two sets of normal vWf multimers is resolved as a doublet; the lower member ofthe doublet, with slightly increased mobility, is the predominant species in IIA vWf. Such resolution is lost for the species of greater molecular mass. cussed above, has no intact subunit. Some species may contain 189-kD fragment instead of 176-kD. Band 2P4 (the first in the series of bands corresponding to those designated as 2A with the previous terminology) contains intact subunit and 140-kD fragment, the latter more visible in some IIA vWf samples (Figs. 2 B, 2 C, and 3) . Oligomers ofincreasing molecular mass are likely to have subunit composition corresponding to one of the patterns described for bands 2U through 2P4, the only difference being an increasing relative number ofintact subunits. It should be noted that, even though the fragment of 140 kD is more visible in IIA vWf than in normal, particularly in the smaller oligomers, its presence can be seen upon prolonged exposure of autoradiographs, as shown in Fig. 1 B, and always in a position corresponding to species P1 and P4 (or 1 and 2A, according to the old terminology). Also to be noted is the fact that the concentration of 176-kD fragment relative to that of intact subunit appears to be increased in P1 and P2 bands of Type IIA plasma vWf as compared to normal (compare upper and lower panels in Fig. 2 B) . The different relative content of intact subunit or fragments in corresponding bands from different samples will be discussed below.
Unlike plasma vWf, normal platelet vWfprepared by sonication of washed platelets in the presence of 10 mM EDTA alone, or a combination of 10 mM EDTA, 6 mM NEM, 1 mM leupeptin, and 200 KIU aprotinin per ml, was composed only of intact 225-kD subunit in all the multimers, without any evidence of proteolytic fragmentation (shown for the sample prepared with 10 mM EDTA in Fig. 5 
Discussion
These results provide a structural explanation for the heterogeneity of circulating vWf multimers. These are originally composed of a varying number of intact 225-kD subunit dimers, but proteolysis occurring as a physiologic event in normal individuals (14) causes the appearance ofmolecules containing distinct subunit fragments. The two predominant species of 140 and 176 kD originate from a single cleavage of the peptide bond between residues Tyr&2-Met 43 of the mature subunit, and represent vWf residues 1-842 and 843-2050, respectively (19) . A third fragment of 189 kD, the amino terminal sequence of which has not been possible to determine because of its low abundance (18, 19) , corresponds essentially to the 176-kD fragment but appears to have a short amino terminal extension overlapping with the carboxyl terminal end ofthe 140-kD fragment (18) . For the purpose ofinterpreting the subunit structure ofvWfmultimers (see below), the 189-and 176-kD species can be considered equivalent. Because of the disulfide bond distribution in the vWf subunit, cleavage of the peptide bond between residues 842-843 yields two separate species. There are no inter-chain disulfide bonds in the segment of sequence between residues 730-1114, that can be isolated as a single chain tryptic fragment (27, 28) , and the vWf sequence between residues 730-842 contains no cysteine (7). Thus, there are no disulfide bonds linking the two subunit fragments generated by cleavage ofthe 842-843 bond. Fig. 1 Considering that vWf subunits are thought to be assembled tail-to-tail to form dimers and head-to-head to form multimers (29) , cleavage of bond 842-843 in any subunit within a vWf molecule yields two separate species of smaller size (Fig. 6) . Thus, a single cleavage occurring in the middle of a long oligomer may have profound effects on its size and, because of the known correlation between size and affinity for platelet receptors (30, 31) , may alter its function in supporting platelet adhesion and aggregation (1) .
According to the concepts outlined above, three molecular species can originate from cleavage of the 842-843 peptide bond in dimers of 225-kD intact subunit, namely: (a) 140-kD fragments; (b) 176-kD fragment homodimers; (c) heterodimers of one intact subunit and one 176-kD fragment (Fig. 6 A) . In some multimers, the 189-kD fragment may replace the 176-kD one. Indeed, all these species have been detected in plasma vWf (Figs. 2 and 3) , with the only exception of 140-kD fragments. Regardless oftheir existence, these species could not be present in the samples analyzed because the monoclonal anti-vWfantibody used for the initial affinity purification recognizes an epitope in the carboxyl terminal region of the subunit and, therefore, cannot interact with molecules containing only the first 842 residues. The same reason may explain why the possible counterpart of the 189-kD fragment, namely one slightly smaller than the 140-kD fragment, has never been identified in vWf multimers, if the alternative cleavage giving origin to it occurs only in the outermost subunits.
Cleavage of vWf tetramers (Fig. 6 B) or larger oligomers (Fig. 6 C) yields several more species with distinct subunit composition, in addition to the ones described above. One species, composed oftwo or more intact subunits and two 140-kD fragments, but no 176-kD fragments, can derive only from hexamers or larger multimers, but not from tetramers (Fig. 6  C) Factors like heterogeneous glycosylation (27) and/or differences in molecular shape (29) may affect the mobility ofnonreduced vWf oligomers in agarose gels. Moreover, analysis of endothelial cell vWf secreted into culture medium has shown both the normal mature subunit as well as a large subunit with apparent molecular mass of 260-275 kD (36) . The variable content of these two species may account for the presence of minor satellite bands in vWfmultimers secreted by endothelial cells in vitro. Accordingly, even though only trace amounts ofa band migrating at the rate of pro-vWf could be identified in some of the plasma samples analyzed, the presence or absence of small quantities of pro-vWf and its uncleaved but posttrans-780 lationally modified form may account for some ofthe heterogeneity seen in the size distribution ofcirculating vWf molecules. Thus, a combination of various causes may explain the observed lack of sharp definition of vWf bands in nonreduced agarose gels, as well as the fact that multimers of similar subunit composition migrate differently or, conversely, multimers with apparently different subunit composition migrate in close proximity.
It is not surprising, therefore, that corresponding multimer bands in normal and IIA vWf may contain different relative proportions of intact subunit and fragments because, in fact, they represent species with subtle structural differences. For example, band 1 P1, that can be resolved into a doublet, contains more 225-kD subunit than 1 76-kD fragment in normal, and contains 140-kD fragment in IIA vWfthat is barely visible in normal. This may be explained assuming that band 1 PI represents the following distinct species migrating in close proximity: homodimers of intact subunits; heterodimers of 225-kD subunit and 1 76-kD fragment; and, predominantly in IIA vWf, molecules composed of one 225-kD subunit, one 176-kD, and one 140-kD fragment, derived from two internal cleavages in tetramers or any larger multimer (Fig. 6) . In a similar manner, band 1P4 appears to contain mainly intact subunit in normal vWf but also 140-kD fragment in IIA vWf. This may be explained if the band represents intact dimers as well as molecules composed by two 225-kD subunits and one 140-kD fragment (Fig. 6 B) . The same subunit composition patterns would be repeated in larger multimers, with the only addition ofmore intact subunits. Definitive demonstration of the validity of these concepts will require improved separation of vWf oligomers allowing accurate quantitative analysis ofthe corresponding subunit composition.
In conclusion, these studies define a prevalent mode of posttranslational modification of the constituent subunit of circulating vWf. Whether or not proteolytic cleavage contributes to the conversion ofextra large (or "unusually large") vWf molecules secreted by endothelial cells (37) to the smaller forms normally present in plasma remains to be established. Indeed, the concepts and methodology established here can aid in the study of normal vWf processing as well as of congenital and acquired structural alterations of vWf multimers.
